Abstract Cyclodextrin-based hydrogels have been described as suitable for the controlled-release of bioactive molecules to be used as wound dressing. These materials have major advantages, since they gather the hydrogel properties (high degree of swelling and easy manipulation) and the encapsulation ability of cyclodextrins. b-cyclodextrin (b) or hydroxypropyl-bcyclodextrin (HPb) was cross-linked (1,4-butanediol diglycidyl ether) with hydroxypropyl methylcellulose under mild conditions. The hydrogels were chemically characterized by swelling degree, FTIR, DSC and contact angle. The gallic acid loading and release was also analysed, as well the antibacterial activity and cytotoxicity of the polymeric networks. The hydrogels obtained were firm and transparent, with good swelling ability. The gel-HPb had a surface more hydrophilic when compared with the gel-b. Nevertheless, both hydrogels were capable to incorporate gallic acid and sustain the release for 48 h. The antibacterial activity of gallic acid was maintained after its adsorption within the polymeric matrix, as well as, gallic acid effect on fibroblast proliferation. Therefore, gel-b and gel-HPb conjugated with gallic acid were shown to be a viable option for antibacterial wound dressing.
Introduction
Wounds provide suitable environment for the deposition and proliferation of pathogenic microorganisms, causing skin and soft tissue infections, and triggering the patient immunological response (Grice and Segre 2011) . The infection severity may range from selflimited superficial to life-threatening diseases. Moreover, skin and soft tissue infections increase the production of wound exudate and tissue deterioration, thus higher wound dressing replacement is required, causing pain to the patient and amplifying the probability of removing the newly formed skin (Chen et al. 2009 ). Therefore, the research on wound dressings field has been focusing on new wound dressings, capable of mechanical protection and maintaining suitable environmental conditions for proper healing and, additionally, able to perform sustained delivery of antimicrobial agents to prevent wound infections (Pinho et al. 2013) .
Hydrogels have been, successfully, applied as wound dressings and drug delivery devices. They are polymeric networks with hydrophilic character, capable of absorbing large amounts of water and with suitable physicochemical properties for contact with human tissue without causing injury (Pinho et al. 2013) . However, hydrogels have some drawbacks as drug delivery systems. Their capacity to load hydrophobic drugs is quiet reduced, as well as the control over the drug release mechanisms (the diffusion is normally rapid and non-linear) (Thatiparti et al. 2010) . So, cyclodextrins (CD)-based hydrogels have been synthesized to improve the drug delivery properties of hydrogels. These materials benefit from the appropriate swelling ability of hydrogels and from the encapsulation capacity of CDs (Rodriguez-Tenreiro et al. 2007) . CDs are truncated oligosaccharides with the ability to form inclusion complexes (IC) with a wide range of molecules, due to their hydrophilic surface and hydrophobic cavity. When used as monomer for hydrogel production, CDs can act, simultaneously, as carriers and as enhancers for the hydrogel stability (Pinho et al. 2013) .
Nevertheless, the methods used for the preparation of CD-based hydrogels, usually, involve high temperatures leading to toxic bi-products, from undesirable side reactions, reducing their applicability as biomedical devices (Lorenzo et al. 2008) . Rodriguez-Tenreiro et al. (2007) developed a method for CD-based hydrogel synthesis with, only 1 step, using condensation with ethylene glycol diglycidyl ether (EGDE) to obtain CD networks, under mild environmental conditions and without previous modification on the CD structure. CD-based hydrogels synthesized by this method showed good swelling and mechanical properties, and enhanced ability to load and release bioactive molecules (Rodriguez-Tenreiro et al. 2006 Lorenzo et al. 2008; Blanco-Fernandez et al. 2011; Garcia-Fernandez et al. 2013) .
Polyphenolics have been proposed as viable alternatives to broad-spectrum antibiotics, normally, used for the treatment of infected wounds (Wang et al. 2007; Pinho et al. 2014b ). Previous work (Pinho et al. 2014a) , showed that gallic acid (a simple phenolic acid) has good applicability as antibacterial agent against bacteria, commonly isolated from infected wounds. Although, its applicability on the pharmaceutical field has been constrained by gallic acid susceptibility to environmental factors and low solubility (Guimaraes et al. 2010; Fang and Bhandari 2010; da Rosa et al. 2013 ).
Therefore, the present work aimed to develop a material capable of forming inclusion complexes with gallic acid and keeping the molecule's antibacterial properties, thus it could be used to prevent wound infections and enhance the healing process.
Materials and methods

Materials
Gallic acid (3,4,5-trihydroxybenzoic acid) was provided by Merck, b-cyclodextrin (bCD, 1,135 g/mol) and 2-hydroxypropyl-b-cyclodextrin (HPbCD, 1,309 g/mol) were acquired from AppliChem. Hydroxypropyl methylcellulose (HPMC) Methocel Ò K4 M (Mw 84,200, normal viscosity 400 mPas) was purchased from VWR Prolab; 1,4-butanediol diglycidyl ether (BDGE, 50-60 % in water) was obtained from Acros Organics. Purified water, obtained by reverse osmosis (MiliQ Ò , Mikipore, Madrid, Spain) with a resistivity above 18.2 MX/cm, was used.
Hydrogel synthesis
The hydrogels were prepared based on the method described by Garcia-Fernandez et al. (2013) . Solutions of each CD, 2.5 g in 10 mL of NaOH (0.2 M), were prepared and maintained for 5 min at 25°C and 200 rpm (mechanical agitation). The HPMC (0.025 g) was added to each solution and the solubilisation was improved by mechanical agitation (200 rpm) during 5 min at 25°C. The solutions (5 mL of each) were transferred to petri dishes and 2 mL of BDGE was added, to each one. The petri dishes were sealed with parafilm and maintained for 2 min at 25°C and under mechanical agitation (200 rpm). To complete the cross-linking process, the plates were kept at 50°C for 12 h. At this temperature, the CD and HPMC stability was assured. After cooling, hydrogels were immersed in ultrapure water for 12 h and 25°C, to allow the swelling. Then, they were transferred to an HCl solution (10 mM) for additional 12 h, and, finally, immersed in water for 7 days. The dry process was performed as followed: the hydrogels were kept at 25°C for 24 h and, after, were transferred to a desiccator until weight stabilization.
Swelling determination
The amount of water absorbed by the hydrogels was calculated based on the difference between the weight of fully swollen hydrogel in water (W) and the weight after the dry process (W 0 ). For that, dry hydrogels (30 ± 3 mg) were weighted and immersed in 5 mL of ultrapure water. Hydrogels weight was recorded in regular time periods, until the weight stabilizes (fully swollen hydrogel). For this measurement a Saitouris BL 1,205 (d = 0.1 mg) scale was used and the water from the hydrogel surface was removed before weighing. The swelling profile resulted from the data obtained, by plotting the amount of water absorbed at time t (W t )/ amount of water at equilibrium (W?) versus time (min).
The degree of swelling (Q) was calculated based on Eq. 1.
Gallic acid loading and release Gallic acid solution (2.3 9 10 -2 M, in 2 % methanol) was dissolved in H 3 PO 4 /NaOH buffer (pH 3 ± 0.5), and kept for 30 min in an ultrasonic bath, to allow its complete solubilisation. Dry hydrogel samples (30 ± 3 mg) were immersed in 5 mL of gallic acid solution at 25°C and 60 rpm. The amount of phenolic acid in the solution was assessed by UV-Vis spectrophotometry, until the absorbance values stabilize. The gallic acid loading was calculated based on the variation of gallic acid in the initial solution and at the equilibrium.
The gallic acid release, from hydrogels, was performed using load dry samples. The samples (30 ± 3 mg) were immersed in 5 mL of synthetic sweat solution (SSS, 0.5 g L-histidine monohydrochloride monohydrate, 5 g of sodium chloride, 2.2 g of sodium dihydrogen orthophosphate dihydrate, pH 5 ± 0.5). The samples were maintained at 25°C and the absorbance of the released medium was monitored until stabilization.
The absorbance was measured at the gallic acid k max (259 nm for pH 3, e 2.30 M/cm or 261 nm for pH 5, e 4.27 M/cm). The gallic acid concentration was calculated based on the calibration curve, previously determined. All the absorption measurements were recorded on a Jasco V560 spectrometer, using a 1 cm quartz cuvette.
Hydrogels physicochemical characterization
Fourier transform infrared spectroscopy (FTIR)
Dry samples (0.5 ± 0.05 g) of each hydrogel, bCDco-HPMC (gel-b) and HPbCD-co-HPMC (gel-HPb) with or without gallic acid, were used for FTIR-ATR analysis. The spectra were recorded between 400 and 4,000 cm -1 , in Avatar 360 FTIR spectrometer. The spectra of individual compounds (gallic acid, bCD, HPbCD and HPMC) were, also, recorded, using the potassium bromide pellet technique.
Thermal analysis by differential scanning calorimetry (DSC)
DSC measurements were carried in liquid nitrogen atmosphere using DSC-822e instrument (Mettler Toledo). The calibration was made with indium as standard. Dry samples were weighed (2.5 ± 0.2 mg) and sealed in aluminium pans. Then, they were heated from 25°to 350°C/min, at a scanning rate of 10°C.min -1 . Data were treated using LAB mettler star SW 8.1 software (Mettler-Toledo International Inc, Swiss).
Contact angle
Water contact angles of hydrogels were determined using a contact angle measurement apparatus (OCA15 Plus; Dataphysics, Germany). A water drop (3 lL) was placed over the clean hydrogel surfaces with an autopipette. All measurements were performed at room temperature.
All the characterization methods were made in triplicate for each hydrogel (gel-b, gel-b/gallic acid, gel-HPb, gel-HPb/gallic acid).
In vitro analysis of hydrogels' biological properties
Antibacterial activity
The hydrogels' antibacterial activity was tested against 3 bacteria: Staphylococcus epidermidis (ATCC 12228), Staphylococcus aureus (ATCC 6538) and Klebsiella pneumoniae (ATCC 11296). The bacteria were grown in tryptic soy agar (TSA, Merck, Germany) for 24 h at 37°C. The cells were Cellulose (2014) 21:4519-4530 4521 inoculated in tryptic soy broth (TSB, Merck, Germany) and incubated for 18 h at 37°C under agitation (120 rpm). Subsequently, bacterial concentration of each strain was adjusted to 1 9 10 6 cells/mL, via absorbance readings and the corresponding calibration curve.
The hydrogels' antimicrobial activity was measured both qualitative and quantitatively. For the first analysis, the disc diffusion method described by the National Committee for Clinical Laboratory Standards (NCCLS), M2-A8 document (2005), was used with some modifications. The TSA was the nutritive media used and 200 lL of each inoculum (1 9 10 6 cells/mL) was spread on the media plates. The hydrogel samples (30 ± 3 mg and with approximately 1 ± 0.2 mm of diameter) were placed over the petri dish. The plates were then incubated at 37°C for 18 h. The size of the inhibition halo was measured.
For the quantitative assays, samples (30 ± 3 mg) were immersed in 5 mL of 5 9 10 5 cells/mL of each bacterium. Bacteria and medium controls were, also, included. The plates were incubated for 18 h at 37°C. The number of viable cells, was assessed by determination of the number of colony forming units (CFUs), by plating 10 lL of cell suspension from each well onto TSA, and incubated for 24 h at 37°C.
Both methods were made in triplicate for each bacterium in, at least, 3 independent assays.
Hydrogels effect on fibroblast proliferation
Hydrogels' cytotoxicity in vitro assay was carried out based on the method described on ISO 10993-5:2009 -Biological evaluation of medical devices, part 5: Tests for in vitro cytotoxicity, by indirect contact.
The liquid extracts of the hydrogel were prepared as follows: hydrogels (30 ± 3 mg) were immersed in 5 mL of Dulbecco's modified Eagle's medium (DMEM), and then they were kept 18 h at 25°C in the dark.
Fibroblast 3T3 (CCL 163-from American Type Culture Collection) were used for this study. Cells were cultured in DMEM supplemented with 10 % of foetal bovine serum and 1 % penicillin/streptomycin at 37°C, 5 % CO 2 . After achieving confluence, cells were passed at the density of 1 9 10 5 cells/mL, using trypsin. Cells were seeded at the density of 5 9 10 5 cells/mL (48 well plate) in 300 lL of DMEM complete medium.
The cytotoxicity was tested through the MTS ([3-(4,5-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium]) assay. For that, the medium was replaced with 300 lL of the liquid extract of hydrogels and the cells were incubated at 37°C and 5 % CO 2 . After 24 h, the medium was removed and a mixture of 6 lL of MTS (Promega) and 294 lL of DMEM without phenol was added to each well. After 1 h, the absorbance value was measured at 490 nm and the results were expressed as percentage of viable cells (%), using the number of cells grown on wells without hydrogel (control ?) as 100 %.
All the mathematical analyses were made using the Origin Pro software.
Results and discussion
The gallic acid encapsulation by bCD and HPbCD has been studied previously by our group . The ICs obtained showed good stability parameters and the gallic acid ability to destroy bacteria, usually isolated from skin and soft tissue infections, was preserved. Thus, these CDs were used for the CDbased hydrogel synthesis using HPMC (a cellulose derivative), and were cross-linked with BDGE. The HPMC is a linear polymer constituted by glycopyranose units, similar to those found on CDs. HPMC has been used in hydrogels due to its high swellability and biocompatibility (Siepmann and Peppas 2001; Zugasti et al. 2009 ). Hydrogels were made under alkaline pH and mild temperature as described by Lorenzo et al. (2008) .
The attempts to prepare hydrogels with bCD or HPbCD cross-linked with BDGE (without HPMC), following the same protocol failed, since they did not form gels. Other authors (Rodriguez-Tenreiro et al. 2006 Blanco-Fernandez et al. 2011) reported the formation of HPbCD hydrogels using EGDE as cross-linking agent within similar conditions. In the present work, BDGE was used as cross-linking agent instead of EDGE. Both molecules have 2 glycidyl groups, capable of reacting, simultaneously, with the CDs' hydroxyl group or with cellulose ether group. They differ in size of the chain between the epoxy groups, BDGE has a longer chain which increases the distance between the CD and cellulose molecules (Lorenzo et al. 2008 ). Thus, it was expected to obtain a more flexible hydrogel without losing the non-toxic behaviour of the cross-linking agent (Nicoletti et al. 2013) . However, this characteristic may, also, cause the lack of suitable mechanical properties observed in the hydrogels without HPMC.
The CD-based hydrogels were cross-linked with BDGE in the presence of HPMC and 1:1.25:0.1 ratio between compounds was maintained, since it was described as the best condition by Rodriguez-Tenreiro et al. (2006) . The hydrogels obtained with HPMC (gelb and gel-HPb) were transparent and easy to handle, with smooth and continuous surface. They, also, had enough elasticity, suitable for direct contact with injured skin (Lorenzo et al. 2008) . Additionally, the gel-b was more transparent and with lower elasticity than the gel-HPb. After immersion in water, both hydrogels kept their shape and behaved as superabsorbent systems. All these features point out to the formation of a homogeneously cross-linked hydrogels (Rodriguez-Tenreiro et al. 2006) .
Swelling ability
Swelling represents the water holding ability and permeability of hydrogels. The hydrogels swelling starts with the diffusion of water molecules into the network, hydration of polar hydrophilic groups and polymer expansion until the free water molecules and the molecules within the network reach equilibrium (Zhang et al. 2005; Gulrez et al. 2011) .
The swelling profiles (Fig. 1) show that both hydrogels had a fast swelling during the first 400 min and the equilibrium was reached after 700 min. Figure 1 demonstrated that gel-HPb was capable of taking more quantity of water molecules than the gel-b. In addition, the Q values show that gelHPb absorbed 9 times more its weight in water, and the gel-b only 2.5 times (data not shown). Similar swelling profiles were reported for CD-based hydrogels HPMC (Rodriguez-Tenreiro et al. 2006 Zhang et al. 2013) .
Based on the swelling profiles, both hydrogel networks are suitable for water and small size molecule diffusion. However, the gel-b had less affinity for water, probably related with higher degree of cross-linking or with overlapped HPMC chains within the network (Lorenzo et al. 2008 ). On the contrary, the hydroxypropyl groups of HPbCD increase the network pore size, improving the network ability to absorb water molecules.
Gallic acid loading
Hydrogels ability to retain molecules depends on (1) the network degree of cross-linking, (2) the water affinity of the polymeric molecules, and (3) interactions between the guest and the network components. All these factors regulate the molecule capability to diffuse within the hydrogel (Challa et al. 2005) . Figure 2 displays the quantity of gallic acid incorporated within hydrogels. The loading was performed with gallic acid dissolved in H 3 PO 4 /NaOH buffer at pH 3, since it was previously defined as the best condition for the IC formation between this phenolic acid and bCD or HPbCD .
The hydrogel rate of antibacterial agent incorporation was similar to the swelling profile. The equilibrium between the free gallic acid and within the hydrogel was achieved after 6 h. Nevertheless, the difference between the 2 hydrogels obtained for the swelling was not so obvious in the case of gallic acid loading. Thus, both hydrogels showed similar ability to incorporate gallic acid (gel-b 2.76 g/g hydrogel and gel-HPb 3 g/g hydrogel ).
In the present work, both hydrogels had similar loading capacity suggesting that the gallic acid encapsulation by cyclodextrins was crucial for the gallic acid loading by the networks. bCD and HPbCD were described as suitable for the encapsulation of poorly soluble gallic acid with 1:1 stoichiometry and good stability parameters [stability constant (K) 40 and 90 M -1 , respectively, ]. The gelHPb loading capacity was superior, in accordance with the higher ability of HPbCD to encapsulate gallic acid. Therefore, gel-HPb kept the ability to form IC with higher stability than the native CD, since the gallic acid loading was higher for this hydrogel. Moreover, the gallic acid could also be trapped on the aqueous phase of the gel-HPb, since this polymeric network showed higher swelling ability.
Hydrogel characterization
FTIR analysis
The hydrogels cross-linking was characterized based on the FTIR spectra of dried hydrogels and powders CDs and HPMC (Fig. 3) . As expected, the spectra from both CD were similar, as result of their truncated shape with one edge lined with primary hydroxyl groups (OH) and the other edged with secondary groups. On their spectra, the following peaks were identified (bCD/HPbCD): 3,416/3,447 cm -1 (O-H stretching), 2,924 cm -1 (stretching vibrational asymmetric of C-H), 1,645/1,640 cm -1 (hydrogen interactions), 1,157 cm -1 (C-O stretching) and 1,029/ 1,034 cm -1 (C-O-C) (Rodriguez-Tenreiro et al. 2006; Schwingel et al. 2008; Zhang et al. 2013 ). The HPMC spectra showed a profile similar to the CD and the stronger intensity peaks identified were: 3,447 cm -1 (O-H stretching), 2,924 cm -1 (stretching vibrational asymmetric of C-H), 1,640 cm -1 (hydrogen interactions), 1,115 and 1,063 cm -1 (ether bond) (Sun et al. 2003; Miranda et al. 2010 ).
The hydrogels spectra had similar profile regardless of the CD used for the synthesis of the polymeric network. However, they display some differences in the peaks intensity and shape when compared with the CDs and HPMC spectra. For instances, the peak attributed to the ether bonds (between 1,200 and 1,000 cm -1 ) became weak and with a broad shape, as consequence of the decrease of those bonds induced by the cross-linking reaction. The intensity of the peaks near 3,400 and 1,649 cm -1 decreased due to the reduction of OH groups and hydrogen bonds, after the cross-linking (Rodriguez-Tenreiro et al. 2006; Zhang et al. 2013) . Thus, the majority of the CDs' OH were efficiently linked to the HPMC by the BDGE. Moreover, no peak was detected near 1,250 cm -1 meaning that no free BDGE was within hydrogels. 
Thermal analysis
Hydrogels synthesis induced alterations on thermal properties of each molecule (bCD, HPbCD and HPMC), as result of the interactions established to form the polymeric network. DSC thermograms display the intermolecular interactions between hydrogels components within the network (Ciolacu et al. 2012) . Figure 4 shows that gallic acid has a sharp endothermic peak (264°C), as well as the 2 CDs (2 peaks near 100 and 275°C). The HPMC exhibits a smaller and broad peak near 75°C. The cross-linking between HPMC and CDs induces obvious alterations on the DSC thermograms profiles. The profiles of both hydrogels (gel-bCD and gel-HPb) have a broad peak, confirming the crosslinking between the 2 compounds, and suggesting the presence of an amorphous structure, characteristic of these materials. Moreover, the thermogram of the hydrogels that were loaded with gallic acid, also, lacks the phenolic acid peak. Thus, the gallic acid may be trapped in an amorphous or solid solution state within the polymeric network (Dandekar et al. 2010 ).
Surface hydrophilicity measurement
The hydrogel wettability or hydrophilicity plays a major role on biocompatibility, since the polymer surface states the interaction between the living system and the medical device (Wang et al. 2004 ). This property can be set by the measurement of the contact angle formed between water and the hydrogel.
The values obtained with gel-b and gel-HPb with or without gallic acid are summarized in Table 1 .
Regarding gel-b, the contact angle measured was lower than 90°, thus this network has a slightly hydrophilic surface (Jones et al. 2008 ). Moreover, gelb contact angle decreased after the gallic acid loading. An opposite behaviour was detected for gel-HPb. This hydrogel displayed a higher contact angle than the hydrogel with the native CD, and the gallic acid loading increased the hydrophobicity of its surface.
The hydrogel major characteristic is the ability to absorb large amounts of water, so it should be expected to obtain low contact angles, due to hydrogel hydrophilic surface. However, the macromolecules within the networks hold high mobility to rearrange their orientation according to the environment. Thus, in the specific case of hydrogels, the contact angle value reflects the degree of freedom of the network molecules, to move as response to the environment change (Yasuda et al. 1981) .
According to the swelling and gallic acid loading results (Figs. 1 and 2) , it was predictable that the gelHPb had lower contact angle, when compared with gel-b. The apparent hydrophobicity observed for this hydrogel surface may be caused by the less freedom of the network to rearrange their macromolecules, due to the hydroxypropyl groups (Yasuda et al. 1994) . These groups increase the molecules size, which enlarge the mesh size (higher swelling), but decrease the molecules mobility within the network (low hydrophilic surface). Moreover, the HPbCD has the ability to establish an IC with gallic acid with higher stability parameters than the bCD . Thus, the gallic acid interaction with this cyclodextrin will be stronger, contributing to the minor interaction of the phenolic acid with water, and, consequently, the degree on hydrophilicity of gel-HPb network.
Gallic acid release from hydrogels Figure 5 displays the gallic acid release profiles in SSS; this solution was chosen to simulate the behaviour of the hydrogels in contact with the skin. Both hydrogels were capable of controlling the gallic acid release for 2 days, time at which the equilibrium between the gallic acid within the network and in solution was achieved. Additionally, the release profiles were also analogous for the 2 networks, there was a burst release during the first 6 h, as result of gallic acid migration from the hydrogels surface to the solution. The slower release, after 6 h, can be ascribed to the phenolic compound dissociation from the CDs, followed by its diffusion through the network. Moreover, the amount of gallic acid released was higher for the gel-HPb, as result of the greater loading and swelling capacity of this network, as referred above.
Biological activity of hydrogels
Antibacterial activity
Gallic acid antibacterial activity has been attributed to its interaction with bacteria cells' surfaces (enhanced by gallic acid affinity to the lipophilic membrane layer), which induced alterations on the cell electrochemical potential, and reduced the membrane integrity. The gallic acid uptake creates a hyperacidification of cytoplasm, via proton donation, interfering with crucial metabolic pathways . Previous research, made by the group, concluded that gallic acid antibacterial activity was conserved after encapsulation by bCD and HPbCD .
The main goal of the present work was to develop a hydrogel capable of preventing the deposition and growth of bacteria on the wound site. Hence, the polymeric networks antibacterial activity was evaluated by qualitative and quantitative methods. Figure 6 shows the growth inhibition halos obtained for the gallic acid loaded hydrogels. The gallic acid maintained its ability to reduce the bacteria growth.
The quantification of the hydrogels' antibacterial activity, against the 3 bacteria (Fig. 7) , was consistent with the previous analysis (Fig. 6) . The gel-b and gelHPb were able to destroy all the bacterial cells, with the exception of the gel-HPb when in contact with S. aureus. Although, in this case the growth observed was minimal (only 1 log).
Therefore, it was verified that the gallic acid antibacterial activity was preserved after incorporation within the hydrogels. Considering that the hydrogels samples had 30 mg, and the gallic acid release (gel-b 7.4 mg/g hydrogel and gel-HPb 9.4 mg/ g hydrogel , Fig. 5 ), the concentration of gallic acid in contact with bacteria would be, at least, 0.26 mM for gel-b and for gel-HPb 0.33 mM. These values are lower than minimal bactericidal concentration reported (0.47 mM) (data not shown). Despite that, both networks were capable of significantly decreasing the growth of all three bacteria. Thus, antibacterial activity of hydrogels was based, not only on the amount of phenolic acid capable to migrate from the hydrogel to the solution, but also on the amount of gallic acid trapped inside the hydrogels. 
Effect of hydrogels on fibroblast proliferation
The successful utilization of gel-b and gel-HPb as wound dressing, also, depends on their biocompatibility. Biocompatibility reflects the interaction between the artificial material and tissues, and it can be evaluated by in vitro cytotoxicity (Wang et al. 2004) . In the present study, MTS test was used to evaluate the cytotoxicity effect of the new developed hydrogels. The MTS assay allowed the measurement of cellular viability, due to cell capacity to uptake MTS and its subsequent reduction by the mitochondria, leading to alterations in MTS colour.
The percentage of viable cells (Fig. 8 ) measured after contact with the extracts from gel-b and gel-HPb were similar to the percentage of the normal conditions of growth (control ?). Thus, both hydrogels do not release any kind of substance that could be potentially hazardous for fibroblast.
The gallic acid induces a decrease in the viable cells (Fig. 8) . It was previously shown that gallic acid can enhance fibroblasts proliferation when applied at low Fig. 6 Qualitative analysis of the gallic acid loaded hydrogels antibacterial activity against 3 bacteria (K. pneumoniae, S. epidermidis and S. aureus, 1 9 10 6 cells mL concentrations, and induces a reduction on viable cells for concentrations above 0.6 mM (Pinho et al. 2014a ).
Assuming that, at least, 0.26 or 0.33 mM of gallic acid was released to the medium used for contact with fibroblast. The gallic acid effect on fibroblast proliferation was similar to the one described for the free gallic acid. Thus, the gallic acid biological properties were not affected by its incorporation within both hydrogels. Moreover, the percentage of viable cells, for both hydrogels, was above the limit described as safety for humans (70 %), based on ISO 10993-5:2006. Therefore, gel-b and gel-HPb conjugated with gallic acid may be a viable option for wound dressing without causing any damage to the surrounding tissue.
Conclusion
The CD-based hydrogels obtained from the crosslinking between bCD or HPbCD and HPMC were developed to be applied as wound dressings, capable of preventing wound infections. To the best of our knowledge, loading and release of gallic acid (as antibacterial agent) into hydrophilic networks of CD, HPMC and BDGE (as cross-linker), and its release for control wound infections, have not been evaluated until now.
The hydrogels obtained, after successful crosslinking with BDGE under mild conditions, were transparent, easy to handle and soft, thus suitable for the contact with injured skin. Gel-b and gel-HPb behaved as superabsorbent hydrogels, being the last network capable of higher swelling. The swelling and gallic acid loading profiles were similar. The results obtained (DSC, FTIR and release) suggested that gallic acid may be inside the cyclodextrins cavity and, also, trapped in the polymeric network. The gel-HPb has a less hydrophilic surface when compared with the gel-b, as result of the lower mobility of its network. Regarding the biological properties of both hydrogels, the gallic acid antibacterial activity was preserved after its incorporation within the hydrogels. In addition, all the hydrogels, with or without gallic acid, enabled the fibroblast proliferation.
In conclusion, the gallic acid was successfully loaded into the polymeric network produced, and its release was sustained for 48 h. Moreover, the loaded gel-b and gel-HPb were capable of destroying bacterial cells preserving the gallic acid antibacterial activity. Based on the results from the present work, the gel-HPb appears to be the network with more suitable properties for the incorporation of gallic acid and utilization as antibacterial wound dressing, without causing any damage to the surrounding tissue. 
